Edible films with fruit and vegetable purees have a potential to serve as healthy snacks, edible oven bags as well as wraps for sushi or instead of pancakes, tortillas or lavash in a gluten-free diet. The film-forming solution was prepared by mixing sodium alginate, apple puree and three kinds of vegetable oils such as rapeseed oil, coconut oil and hazelnut oil. Glycerol was used as a plasticizer. Pure sodium alginate and sodium alginate-apple films were used as control samples. All the films had the thickness and moisture content characteristic for this type of materials. The results showed that the addition of apple puree and vegetable oils had a significant effect on the visual appearance of edible films. DSC curves proved stability of the researched edible films. The drying conditions used for film production and the formulations appeared to be suitable to avoid phase separation.
Introduction
Poland and France are two prominent producers of apples in the European Union with the production of approximately 3.2 million t (tonnes) and 1.4 million t, respectively (data from 2017) [1] . In addition to its flavour properties, apples are considered beneficial for human health. They possess numerous nutritional and bioactive components, including dietary fibre, sugars, acids and vitamins, e.g. vitamin C (approx. 8 mg per fruit) that is essential for supporting immune system and forming collagen. Apples are also rich in phenolic compounds which contribute to their antioxidant capacity and may help prevent cancer and cardiovascular disease [2] [3] [4] [5] .
Edible films are defined as a thin material based on biopolymers [6] . They are independent structures formed separately, and then applied to the food product on its surface, between its layers or can even be sealed in edible pouches [7] . There are many trends in the technology of edible films which are strongly dependent on their further application, including antimicrobial compounds incorporation for fresh fruit [8] , minimally processed vegetables [9] or meat [10] , nanocompounds incorporation and cross-linking to improve mechanical and water vapour barrier properties of biopolymer films. The effect of this type of modification is to increase their potential to replace the conventional non-biodegradable petroleum-based plastics, especially in the food packaging industries [11] [12] [13] [14] as well as probiotic [15] , minerals and vitamins [16] incorporation for medical applications. Another promising direction in the research on edible films is an addition of fruit and vegetable purees or flours into film-forming solutions. There are a lot of advantages of such materials. Sothornvit and Pitak [17] indicated that the overproduction of some cultivars is a cause of a reduction in producers' value, and they emphasized the need for searching alternative ways of processing some raw materials. What is more, they also drew attention to the fact that when fruit and vegetables are used in the form of puree or flour, there is no need to isolate the film-forming compounds, thus reducing the cost of biopolymer films production and making material preparation easier. Last but not least, in recent years there is an increasing consumers' awareness regarding the active and healthy lifestyle, which have resulted in bio-snacks such as fruit chips [5] or fresh cut vegetables [18] . Edible films with fruit and vegetable purees have also a potential to serve as healthy snacks due to their attractive colours and flavours as well as nutritional value [19] . However, they may be also used as edible oven bags [7] as well as wraps for sushi instead of seaweed or instead of pancakes, tortillas or lavash in a gluten-free diet [20] .
Nonetheless, the application of edible films for various food products is still very limited due to their low water vapour barrier properties, which are caused by their hydrophilicity. Therefore, lipids are often incorporated to enhance the film water barrier properties. Unfortunately, the thermodynamic incompatibility between such compounds of composite films as proteins or polysaccharides and lipids translates to film brittleness and phase separation [21, 22] . To overcome this problem, some authors proposed the use of natural blends of proteins, polysaccharides and lipids directly obtained from agricultural sources such as banana flour [23] , pinhão seeds [24] , rice [25] or achira rhizomes [26] to take advantage of each component in the original system. Fruit and vegetable purees and flours seem to be a new opportunity for composite materials in the area of edible films [21] .
In this study, sodium alginate-apple puree edible films incorporated with vegetable oils such as rapeseed oil, coconut oil and hazelnut oil were developed. Basic physical properties of the obtained films, including thickness, water content and optical properties such as colour and opacity, were determined. Thermal stability of the films was evaluated with the use of differential scanning calorimetry (DSC) and modulated differential scanning calorimetry (MDSC). The possibility to close oil droplets in the polymer matrix based on sodium alginate and apple puree was assessed by scanning electron microscopy. The photographic documentation of the film-forming solutions and the final films were also recorded.
Materials and methods

Film preparation
The sodium alginate was purchased from Sigma-Aldrich (St Louis, MO, USA). Anhydrous glycerol was obtained from POCH S.A. (Gliwice, Poland). Apples (var. Champion) and vegetable oils such as coconut oil (Limpol Sp. z o.o., Kraków, Poland), rapeseed oil (Mosso Kewpie Poland Sp. z o.o., Raszyn, Poland) and hazelnut oil (Monini, Spoleto, Italy) were purchased in a local shop.
The apples were washed, peeled and cored. The pieces were soaked in a solution of 2% citric acid for 20 min to prevent enzymatic browning. Apples were then steam blanched for 10 min and blended for 3 min in a food processor Thermomix TM31 (Vorwerk, Wuppertal, Germany) to prepare apple puree. The sodium alginate was dissolved in distilled water at 80 °C at the concentration of 1.5% (w/v). The solutions were blended with a hand blender (Bosch, Stuttgart, Germany). Subsequently, the solutions were heated on a magnetic plate at 80 °C for 30 min under 400 rpm constant stirring (RTC basic IKAMAG, IKA, Staufen, Germany). Then, they were cooled down to 50 °C, and glycerol was added as a plasticizer to each test solution at constant glycerol/hydrocolloid ratio of 1:2 (v/w). The process of plasticization was conducted at 50 °C for 20 min under 400 rpm constant stirring (RTC basic IKAMAG, IKA, Staufen, Germany). Thereafter, the solutions were cooled down to the ambient temperature, and apple puree and vegetable oils were added at 40% (w/v) and 2% (v/v), respectively. Then, the solutions were blended with a hand blender (Bosch, Stuttgart, Germany) for 5 min. The abbreviations for the different samples and their compositions are listed in Table 1 . Air bubbles were removed from all film-forming solutions via vacuum degassing (vacuum dryer SPT 200, ZEAMiL Horyzont, Kraków, Poland) at 20 kPa. The film-forming solution without and with the addition of apple puree and oil was poured onto Teflon plates to create the film so that the dry matter content in the obtained structure was constant and amounted to 0.03 g per cm 2 of the resulting film surface. For all the tested samples, two-stage drying process was applied. First, the film-forming suspensions were dried at 120 °C for 60 min in a laboratory dryer SUP65W/G (WAMED Wytwór-nia Aparatury Medycznej S.S.P, Warsaw, Poland). Then, the pre-dried films were moved to a ventilated chamber KBF 720 Binder (Tuttlingen, Germany) and dried at 25 °C and 50% relative humidity (RH) for 48 h. Subsequently, the films were peeled off and conditioned again at 50% RH and 25 °C for 48 h prior to testing.
Thickness
Film thickness was measured with an electronic gauge Ultrametr A400 (Metrison Sp. z o.o., Mościska, Poland) having a precision of 1 μm. Film thickness was measured at ten random positions and expressed as mean value ± standard deviation [17] .
Moisture content
The moisture content (MC) of the film was determined by drying in a laboratory dryer SUP65W/G (WAMED Wytwórnia Aparatury Medycznej S.S.P, Warsaw, Poland) at 105 ± 1 °C for 24 h. Small test specimens were cut and placed into glass weighing bottles, and their weights were recorded before (1 ± 0.0001 g) and after oven-drying. MC was calculated as the percentage of weight loss based on the original weight, using the following equation [27] :
where M i the weight of the glass weighing bottle and film specimen before drying (g), M p the weight of the glass weighing bottle (g) and M d the weight of the glass weighing bottle and film specimen after drying (g). Three repetitive analyses of each film were made, and the results were expressed as mean value ± standard deviation. 
Colour
Colour analysis of the films (air surface) was made with the use of Minolta CR-A70 (Konica Minolta Co., Ltd, Tokyo, Japan). The results were presented using directly measured parameters: L * (darkness/lightness), a * (green/red) and b * (blue/yellow). The measurements were made in 10 repetitions for every film. The mean values were reported. Colour of the films was expressed as the total colour difference (∆E) according to the following equation [17] :
where ΔE total colour difference (-); ΔL * , Δa * , Δb * the differentials between the sample colour parameter and the colour parameter of a standard used as the film background (-).
Opacity
The opacity index of the films was calculated at ten repetitions by dividing the value of absorbance at 600 nm by film thickness according to the following formulas [28] :
where O opacity index (1 mm −1 ), A 600 absorbance at 600 nm (-) and ̄ average thickness of the sample (mm).
The absorbance was measured using a UV/Vis Helios spectrophotometer test cell (Thermo Electron Corporation, Waltham, USA) with an empty test cell as the reference.
Differential scanning calorimetry
The edible films were studied by DSC TA Instrument Q200 differential scanning calorimeter (TA Instruments, New Castle, USA). The DSC technique was used to obtain heat flow (W g −1 ) versus temperature curves. The cell was purged with 50 mL·min −1 dry nitrogen and calibrated for baseline on an empty oven and for temperature using standard pure indium. Specific heat capacity (C p ) was calibrated using a sapphire. The samples were cooled by a mechanical refrigerated cooling system. The edible films (7-8 mg) were hermetically sealed in aluminium pans (volume 30 µL). An empty hermetically sealed aluminium pan was used as a reference in each test. Samples were heated from − 60 to 300 °C with heating rate 10 °C min −1 . All analyses were completed in triplicate [29, 30] .
Glass transition temperature (T g )
Modulated differential scanning calorimetry (MDSC) was used to determine the glass transition temperature of edible films. The thermal transition experiments in complexes were conducted with a differential scanning calorimeter DSC Q200 (TA Instruments, New Castle, USA). The cell was purged with 50 mL·min −1 dry nitrogen and calibrated by using standard pure indium. An empty hermetical sealed aluminium pan was used as a reference. The samples (7-8 mg) were hermetically sealed in aluminium pans and cooled from room temperature to − 90 °C at 5 °C per min and equilibrated for 5 min. In the analysis of MDSC, samples were scanned from − 90 to 200 °C at a constant heating rate of 2 °C per min with an amplitude of 1 °C and 60 s period of modulation. Diagrams were analysed with respect to the total, reversible and non-reversible heat flow. Glass transition temperature (T g ) was determined as the mid-point of a vertical shift in the reversing transition curve. All analyses were completed in triplicate [29] .
Microstructure
The surface and cross-sectional morphology of the films was examined using scanning electron microscopy TM-3000 HITACHI (Hitachi High-Technologies Corporation, Chiyoda, Tokyo, Japan). Samples were coated with gold under vacuum. A 5 mm × 5 mm film was fixed on the support using silver paste. The examination used an accelerating voltage of 15 kV, and the magnification was 500× for surface of the films and 500× for cross section of the films.
Statistical analysis
The statistical software Statistica 13.3 (StatSoft Inc., Tulsa, USA) and Excel 2010 (Microsoft, Redmond, Washington, USA) were used for data analysis. The analysis of variance (ANOVA) at a significance level of 95% was performed with post hoc Tukey's test to detect significant differences in film properties. If Shapiro-Wilk test for normality and Levene's test for homoscedasticity of data resulted in statistically significant (p < 0.05), nonparametric multiple range test Kruskal-Wallis was used, with a significant level of 95% (p < 0.05).
Results and discussion
The general characteristic of the edible films
After blending, all the compounds and vacuum degassing the film-forming solutions were homogenous and smooth with no separation symptoms. All the researched films were flexible and easy to peel off and handle, without pores or cracks. Pure sodium alginate film was transparent, and sodium alginate-apple puree one was yellowish. The addition of vegetable oils resulted in a milky and opaque appearance of the films based on sodium alginate and apple puree. No visible losses of lipids after the removal of the films from the plates were observed. The appearance of both sides of the films was different, except for the sodium alginate film. For the sodium alginate-apple puree film matt upper surface with protrusions (small particles of apple puree) and slick, shiny lower surface was observed. The films incorporated with vegetable oils were silky to the touch with shiny upper and lower surface and protrusions (Fig. 1) .
Thickness, moisture content, colour parameters and opacity are shown in Table 2 . To form stand-alone structures edible films should have the proper thickness (usually up to 0.25 mm) [31, 32] . The film thickness results showed some significant differences among treatments. Pure sodium alginate edible films had the highest thickness, while the incorporation of apple puree resulted in the lowest values of thickness. The addition of vegetable oils caused a slight increase in the values of thickness compared to sodium alginate-apple puree films. These results indicated that the addition of apple puree and vegetable oils altered the thickness and microstructure of the films. However, this was not later confirmed by microscopic analysis and may be explained by a very non-uniform structure of the films caused by the presence of thickened areas in the matrix as well as large particles of apple puree.
The moisture content of the researched films ranged from 15.49 ± 0.18 to 19.18 ± 1.21% for the films with coconut oil and rapeseed oil, respectively. Nonetheless, only the values of moisture content for sodium alginate-apple puree edible films with coconut oil differed significantly in comparison with the rest of the samples.
General appearance and consumer acceptance are greatly influenced by the colour of food packaging [33] . For the developed edible films, the colour was closely related to the colorimetric parameters of apple puree, while the addition of vegetable oils was responsible for their milky appearance. The colour parameter L * provides a measure of lightness. The value of this parameter ranges from 0 to 100 (dark-light). A positive a * value is a measure of redness, and a negative value of greenness, while a positive b * value is a measure of yellowness, and a negative value of blueness [19] . Not only colour but also film transparency is an important factor influencing the overall appearance and quality of edible packaging. Lower film opacity was considered to be a desirable feature for food packaging films and coatings due to the fact that consumers prefer to see the foods inside a package [34] . Surface colour and opacity of the films were greatly influenced by blending with apple puree and vegetable oils as shown in Table 2 . The pure sodium alginate film was clear and transparent with a high lightness value of 93.69 ± 0.58. In general with the addition of apple puree, there were insignificant changes in L * and a * values. The addition of apple puree caused only statistically significant increase in the value of b * (the films were more yellow). Vegetable oils were in charge of the significant changes in the values of all colorimetric parameters causing a decrease in the lightness L * and greenness a * and increase in yellowness b * , indicating the selected vegetable oils had significant influence on producing opaque milky films. The hazelnut oil appeared to have the biggest influence on the lightness, while coconut oil on the values of a * and b * resulting in yellowish and greenish films. The addition of fruit puree as well as vegetable oils caused a statistically significant increase in the values of opacity, which was compatible with visual observations. Consequently, the total colour difference (ΔE) of the films with apple puree as well as with apple puree and the selected vegetable oils increased significantly compared with the pure sodium alginate film. Orsuwan et al. [35] explained the increase in the values of b * agar-banana powder blend films by the presence of the phenolic and terpenoids (β-carotene) compounds in the banana powder. Similar observations related to the effect on vegetable oils of colorimetric parameters of edible films based on whey protein, were reported by Galus and Kadzińska [36, 37] while rapeseed oil, almond oil and walnut oil incorporation. All the obtained films were characterized by a decrease in the value of lightness L * in comparison with the control sample without vegetable oils. Nonetheless, equivocal changes in the values of a * and b * were observed when nut oils were added. In general, the films showed positive values of parameter a * (up to 0.98 ± 0.05) and negative values of parameter b * (up to − 0.79 ± 0.08). More consistent with the results obtained in this research were the results for whey protein isolate film with rapeseed oil resulting in more yellowish appearance. Moreover, the emulsified films were much more opaque than control whey films. Pereda et al. [38] explained this phenomenon by the fact that droplets dispersed in the matrix affect the transparency by preventing light transmission through the film.
The thermal properties of the edible films
DSC and MDSC analyses were carried out to investigate the influence of crosslinking induced by sodium alginate and also biopolymers present in apple puree on the thermal stability of sodium alginate-apple puree films. Tulamandi et al. [34] reported that the variation in the glass transition temperature (T g ), melting temperature (T m ) and enthalpy (ΔH) is best effective indicators of the Table 3 . Between one and three endothermic peaks could be observed in the traces for all the analysed samples depending on the film formulation (Fig. 2) . In the DSC curves of edible films with vegetable oils, the first endothermic peak was responsible for the phenomenon of fat melting and ranged from − 15.79 ± 0.76 to 23.37 ± 0.01 °C for rapeseed oil and coconut oil, respectively. The obtained values are in correspondence with the results obtained by Teles dos Santos et al. for rapeseed oil [39] , Srivastava et al. [40] for coconut oil and by Tan and Che Man [41] for hazelnut oil. It testifies that differential scanning calorimetry is a method that enables identifying the kind of oil used while film preparation. Pure sodium alginate edible film was characterized by a DSC curve with two peaks, one endothermic at the temperature of 134.39 ± 2.64 °C and the second one exothermic at 211.94 ± 1.42 °C responsible for such phase transitions as melting and then sample decomposition. No exothermic peaks were observed in DSC curves for the films with apple puree which may proclaim that biopolymers present in fruit puree have a protective influence on the sample counteracting its decomposition and proving its high compatibility with sodium alginate to form well-blended films. Similar observations were reported by Orsuwan et al. [35] for agar-banana powder edible films. The authors indicated that all the blend films showed only one peak without any phase separation. The two endothermic peaks at the temperature over 100 °C observed for the films with apple puree as well as with and without vegetable oils are related to the phenomenon of various carbohydrates decomposition, e.g. monosaccharides such as glucose and fructose as well as pectins. Iijima et al. [42] observed a melting endothermic peak for pure pectin at the temperature of 154 °C, while Athmaselvi et al. [43] presented DSC curves for guava powder in which they observed endothermic peaks centred at 208.66 °C, 341.16 °C and 500.75 °C, involving melting of pectin contained in guava, and a possible demethoxylation, dehydroxylation and decarboxylation of pectin and other polysaccharides. The values of melting temperature of the films obtained in this research may be also related to the melting of sugars such as glucose, fructose and saccharose which are present in high amount in apple puree. The obtained values of melting temperature are compatible with those for analytical grade crystalline sugars researched by Saavedra-Leos [44] who also reported the values of degradation temperature between 195 and 235 °C for fructose and saccharose, respectively. The authors of this research did not observe any peaks at these values of temperature and suspected a protective impact of the natural blend of various carbohydrates and proteins present in apple puree on the thermal stability of edible films. MDSC analysis enabled finding the values of glass transition temperature (T g ) which were very low and ranged from about − 22 to about − 39 °C, and this implies that these materials are not in the glassy state at room temperature (~ 25 °C), the temperature used in the second step of drying, in conditioning as well as in all the characterization. According to Chang et al. [45] , plasticization weakens the intermolecular forces between polymer chains and, consequently, diminishes the overall cohesion, reducing T g . The lower values of glass transition temperature are related to the presence of natural plasticizers with low molecular weight in apple puree such as fructose, glucose and saccharose as well as to the plastifying activity of vegetable oils. So low values of T g were also caused by the presence of water.
(The values of water activity of the researched films fluctuated around 0.5.) The phenomenon with only one T g , observed in blended polymers in a DSC scan, indicated good compatibility of the component biopolymers with pure, chemically isolated from raw materials, sodium alginate [34] .
The microstructure of the edible films
Microscopy images allow understanding the differences in the film morphology due to the addition of the apple puree as well as the vegetable oils. Sodium alginate film had a homogenous solid structure, which could be compared to concrete (Fig. 3a) . Control film based on sodium alginate and apple puree had a more heterogeneous surface with structures that protruded from the air-side surface of the film and some internal pores. The protrusions were more evident in the cross section of the film. They appeared to be large dense portions of the film, probably a result of differential surface tension while drying, but also big particles of apple puree. Similar to our results, Espitia et al. [19] analysed pectin films with açaí puree and revealed the differences between pure pectin film and the one with the addition of fruit puree. They proved that formation of the thickened areas was an effect of acai rather than pectin. Also Martelli et al. [46] observed randomly distributed pores inside the matrix of pectin-banana puree edible films. A rough surface is a characteristic element of these films and is indicated by the authors as an evidence of their plastic behaviour.
Sodium alginate-apple puree edible films incorporated with all the vegetable oils had a heterogeneous surface with visible oil droplets randomly distributed in the matrix, with a tendency to cluster formation. The cross section of the films revealed that the oil droplets were closed in the internal pores of the polymer matrix and were present in its various layers, whereby the most uniform distribution was observed for edible films with coconut oil, which is supposed to be the result of its solid nature at ambient temperature and less tendency to migrate while drying.
For sodium alginate-apple puree edible films with hazelnut oil, two regions of oil droplets distribution could be observed-close to air-side surface and to plate-side surface, whereas rapeseed oil droplets were randomly distributed inside the matrix.
The similar observations have been previously reported by Murillo-Martínez et al. [47] who designed water-in-oil-in-water double emulsions stabilized with lowmethoxyl pectin and whey protein isolate or sodium carboxymethylcellulose and whey protein isolate to produce edible films. Although there were the same main structural features for the CMC-WPI and LMP-WPI films, the differences in the size and spatial distribution of emulsion droplets were observed. On the other hand, the issue of oil droplets distribution inside the polymer matrix seems to be insignificant in comparison with the whey protein isolate edible films incorporated with almond and walnut oils researched by Galus and Kadzińska [36] . The authors observed that the emulsion films had heterogeneous and rough surface with discontinuities caused by the formation of two phases (protein and lipid) in the matrix. Such a phenomenon testifies to the lack of integrity between the molecules of hydrophilic and hydrophobic features and was confirmed by Pereda et al. [38] as well as Valenzuela et al. [48] for chitosan-olive oil and quinoa protein-chitosan-sunflower oil films, respectively. The solution to this problem was proposed by Orsuwan and Sothornvit [21] and Daudt et al. [24] who suggested developing edible films from the natural compatible mixtures of polysaccharides, proteins and lipids such as flours instead of artificially prepared blends of pure, priorly isolated from raw materials, compounds.
Conclusions
The combination of sodium alginate, apple puree and vegetable oils such as rapeseed oil, coconut oil and hazelnut oil resulted in visually attractive, flexible, thermodynamically compatible edible films. All the films had the thickness and moisture content characteristic for this type of materials. The results showed that the addition of apple puree and vegetable oils had a significant effect on the visual appearance Fig. 3 Scanning electron micrographs of the surface (magnification ×500, upper row) and cross sections (magnification ×500, bottom row) of a sodium alginate edible film, b sodium alginate-apple puree film and sodium alginate-apple puree films with different vegetable oils: c rapeseed oil, d coconut oil, e hazelnut oil of edible films causing a decrease in lightness and an increase in greenness (except for apple puree) and yellowness. The films were also more opaque in comparison with pure sodium alginate films. DSC curves showed between one and three endothermic peaks responsible for melting of various compounds in film formulations as well as one exothermic peak in the curves for pure sodium alginate testifying for its decomposition. There were no exothermic peaks observed for blended films which proved protective influence of apple puree as well as compatibility between particular compounds of edible films. T g values were affected by the presence of water and sugars with low molecular weight. The drying conditions used for film production and the formulations appeared to be suitable to provide thermodynamic compatibility of particular compounds and thus to avoid phase separation. According to the authors, a promising starting point is an in-depth analysis of the chemical composition of fruit and vegetable semi-products used as a component of the solutions forming the matrix. Further study of the properties of the film obtained from natural blends and their comparison with the properties of films produced from the component of the same botanical source would provide important information about the nature of interactions within the polymer matrix. A better understanding of the nature of edible films, sheets and coatings based on semi-finished fruit and vegetable products is a promising direction of research, which fits perfectly into the policy of sustainable development.
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